Objective. to perform a systematic review of clinical outcomes following microfracture augmented with biological adjuvants (MFX+) compared with microfracture (MFX) alone. Design. the MeDliNe, Scopus, and Cochrane databases were searched for clinical studies on MFX+ for chondral defects of the knee. Study characteristics and clinical outcome score data were collected. Subjective synthesis was performed using data from randomized controlled studies to determine effect size of MFX+ procedures performed with either injectable or scaffold-based augmentation compared with MFX alone. Results. a total of 18 articles reporting on 625 patients (491 MFX+, 134 MFX) were identified. Six studies were level ii evidence and 1 study was level i evidence. Mean patient age range was 26 to 51 years, and mean follow-up ranged from 2 to 5 years. all studies demonstrated significant improvement in reported clinical outcome scores at follow-up after MFX+ therapy, and 87% of patients reported satisfaction with treatment. the most commonly reported treatment complication was postoperative stiffness (3.9% of patients). Subjective synthesis on randomized controlled trials demonstrated that 2/2 injectable MFX+ interventions had significantly greater improvements in international Knee Documentation Committee Subjective Knee Form (iKDC; P = 0.004) and Knee injury and Osteoarthritis Outcome Score (KOOS; P = 0.012) scores compared with MFX alone, while 2/2 trials on scaffolding MFX+ adjuvants showed comparable postoperative improvements. Conclusions. MFX+ biological adjuvants are safe supplements to marrow stimulation for treating cartilage defects in the adult knee. early literature is heterogenous and extremely limited in quality. individual trials report both equivalent and superior clinical outcomes compared with MFX alone, making definitive conclusions on the efficacy of MFX+ difficult without higher quality evidence.
Introduction
Articular cartilage lesions of the knee remain a challenging clinical entity due to the limited intrinsic healing capacity of cartilage tissue and the potential progression of lesions to generalized osteoarthritis. 1 The lack of a successful endogenous repair mechanism has been attributed to the poor recruitment of regenerative cells into the cartilage defect area. 2 After the theory of marrow stimulation by subchondral drilling was proposed by Pridie in 1959, Steadman popularized the concept by introducing the microfracture (MFX) technique, whereby migration of mesenchymal stem cells and growth factors from subchondral bone facilitates restoration of hyaline-like fibrocartilage. 3 In contrast to other cartilage restoration techniques, MFX is minimally invasive, cost effective, and relatively simple to perform in a single-stage procedure. Although MFX is still considered the "gold standard" first-line treatment for chondral defects of the knee with good short-term results, 4 there are concerns surrounding suboptimal repair with fibrocartilage infill 5 and long-term clinical outcomes compared with other available cartilage restoration procedures such as autologous chondrocyte implantation (ACI), mosaicplasty/osteoarticular transfer system (OATS), and osteochondral allograft transplantation. [6] [7] [8] [9] [10] In response, some, including the UK National Institute for Health and Care Excellence in its recent assessment report, have advocated for the abandonment of MFX in favor of ACI or other options as first line treatment for articular cartilage lesions. 11 Recent studies have investigated modifications of traditional marrow-stimulating techniques to enhance efficacy, including the use of synthetic and autologous biological adjuvants to improve repair tissue quality and durability. 6, 12 Some investigators hypothesize that suboptimal outcomes with traditional MFX may be due to insufficient concentration of mesenchymal stem cells (MSCs) and growth factors being released from subchondral marrow. 13 To this end, recent studies have reported success by supplementing MFX with intra-articular injectable adjuvants, including MSCs, 13, 14 platelet-rich plasma (PRP), 15, 16 and hyaluronic acid. 17, 18 Others have proposed that augmentation of the microfractured defect with a scaffolding matrix [19] [20] [21] [22] [23] and cell-free polymer-based implants 24, 25 may have a "bioreactor" like effect in which marrow elements are entrapped and concentrated to facilitate efficient cartilage restoration. 26 While individual reports of these biological augmentations have shown successful histological and clinical outcomes, the literature on these "microfracture plus" (MFX+) techniques has been limited by significant heterogeneity among study cohorts in the form of case series and a paucity of prospective clinical outcomes data.
The purpose of this systematic review was 2-fold: (1) to summarize the available scientific evidence comparing the clinical outcomes of MFX+ with traditional MFX and (2) perform a subjective synthesis of functional and pain outcomes comparing these techniques. We hypothesized that MFX+ supplemented with biological augmentation would have clinical outcomes superior to MFX alone due to the potential for higher quality repair tissue infill of the chondral defect.
Materials and Methods
A systematic review was performed using the MEDLINE, Scopus, and Cochrane Library databases and subsequently registered on the PROSPERO database (Registration number: CRD42016037619, University of York, York, United Kingdom). Search terms were "microfracture" AND "knee" along with associated MeSH terms. Duplicate studies and published abstracts without an associated full-text manuscript were excluded.
Following the primary search, a manual title and abstract review was performed in accordance with the standard PRISMA checklist to identify articles that contained relevant information. If relevant information was identified, articles were then systematically assessed in order to determine compliance with the following inclusion criteria: (1) a minimum of 5 subjects (e.g., no case reports or small case series), (2) intervention of MFX plus biological adjuvant for symptomatic chondral defect of the knee, (3) minimum of 2 years clinical follow-up, and (4) study published in the English language. Articles were excluded if they were review articles, systematic reviews, or meta-analyses. Cadaveric, in vitro, and animal studies were also excluded. Full-text review of the remaining included entries was performed for further application of the above inclusion and exclusion criteria.
Studies that satisfied inclusion/exclusion criteria were used to extract cohorts of patients who had either scaffolding or injectable products as a MFX adjuvant for intervention. Relevant data on patient demographics (age, sex), lesion size, length of follow-up, incidence of postoperative complications, and all reported pre-and postoperative clinical outcome scores ( 
Statistics
Subjective synthesis was performed on clinical outcomes measures collected from randomized, controlled comparative studies with a MFX comparison cohort (level I and level II evidence). For each individual study where data were available, pre-to postoperative improvements in clinical outcome scores (IKDC, VAS pain, Cincinnati, and KOOS) from baseline to final follow-up were used to calculate effect size using standard difference in means (d) with 95% confidence intervals and associated P values for significance. When standard deviations were not reported and unobtainable from the original study author(s), they were calculated using the sample data range under the assumption the data were contained within 2 standard deviations of the mean (98% confidence). 27 All statistical analysis was performed using Comprehensive Meta-Analysis version 2 software (Biostat, Inc, Englewood, NJ, USA).
Results
A PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart (Fig. 1) outlines the application of the systematic review inclusion and exclusion criteria for the 807 unique articles that were identified in the initial search. A total of 18 articles met study inclusion criteria. Of these 18 articles, 1 study was level I evidence and 6 studies were level II evidence (Table 1 ), while the remainder were level IV case series. Ten studies reported on a scaffolding adjuvant 20-24,28-32 and 8 studies reported on an injectable adjuvant [13] [14] [15] [16] [33] [34] [35] [36] (Table 2) . No studies described a combined scaffolding and injectable MFX+ adjuvant. In total, there were 625 unique patients identified across all the studies; 491 underwent MFX+ therapy (78.6%) and 134 (21.4%) underwent MFX alone. Of the entire cohort, 328 (52.5%) of these patients were male. Mean patient age ranged from 26 to 51 years, and mean follow-up ranged from 2 to 5 years. The average lesion size ranged from 1.4 to 4.2 cm 2 ( Table 1) . Nearly half of all studies (8/18) neither excluded for nor specified the location (e.g., condylar, patellar), depth, or grade of lesions treated. Description of Kellgren-Lawrence x-ray grade (3/18) and concomitant meniscal or ligamentous pathology (14/18) was also inconsistently reported.
The most commonly reported clinical outcome measures were the IKDC (8/18 studies), Lysholm (9/18 studies), and VAS pain (7/18 studies) scores. All studies demonstrated statistically significant improvement in each reported clinical outcome score at follow-up (mean 2-5 years) after the reported MFX+ intervention compared with baseline. Of those reported, 86.8% of patients were satisfied with the treatment outcome. The most commonly reported treatment complication for patients undergoing MFX+ was stiffness requiring manipulation under anesthesia (3.9% of patients).
Other specifically reported adverse events were deep vein thrombosis (0.5%) and hematoma (0.3%). No adverse events attributable to the MFX+ adjuvant treatments were reported.
Among the 7 level I and level II studies, 2 were level II studies comparing 2 different MFX+ treatments with one another (Table 3 ) and therefore were treated as a single cohort for the purpose of our subjective synthesis. Of the remaining 5 level I and level II studies, 4 provided sufficient data to perform post hoc statistical analysis to determine standard mean differences in improvement. Subjective synthesis was performed on these four comparative clinical outcomes studies with treatment arms randomized to either injectable or scaffolding MFX+ and MFX alone ( Table 4) . Among scaffolding adjuvants, neither Chung et al. 29 using Artifilm ECM (IKDC: d = 0.30, 95% CI −0.40 to 1.00, P = 0.401; VAS pain: d = 0.36, 95% CI −0.40 to 1.00, P = 0.398) nor Anders et al. 22 using AMIC Chondro-Gide (Cincinnati: d = −0.33, 95% CI −1.24 to 0.58, P = 0.482) were found to have a significantly different postoperative improvement following treatment in either pain or functional outcome scores at 2-year follow-up. Among injectable adjuvants, Lee et al. 15 13 reported statistically significantly greater improvements in KOOS scores at 2 years (d = 0.57, 95% CI 0.13 to 1.02, P = 0.012).
Discussion
Although MFX remains the current gold standard for articular cartilage repair, this notion is currently being challenged given an abundance of literature that demonstrates longterm clinical outcomes of varying success. [6] [7] [8] [9] [10] This has been largely attributed to the questionable durability of fibrocartilage tissue, which lacks the nascent hyaline articular structure. 5 In this systematic review, we identified 18 studies that investigated the use of injectable or polymer-based scaffolding as a biologic adjuvant to enhance cartilage repair. As hypothesized, MFX+ demonstrated significant improvements in clinical outcome scores compared with baseline, and the majority (86.9%) of patients were satisfied with treatment. Furthermore, our subjective synthesis of 4 individual randomized controlled trials demonstrated that patients treated with injectable MFX+ adjuvants (either PRP or adipose-derived MSCs) showed statistically significantly greater improvement in postoperative IKDC and KOOS scores while patients treated with scaffolding MFX+ adjuvants (either Artifilm ECM or AMIC Chondro-Gide) had equivalent postoperative improvements with respect to IKDC, VAS pain, and Cincinnati scores. Of note, patients undergoing MFX+ therapy did not have any complications solely attributable to the adjuvant treatment.
Previous animal and human studies have attributed the poor tissue quality and gradual decline in clinical outcomes following MFX to 1 of 2 mechanisms: (1) the instability of marrow-derived blood clots formed during the healing process, which shrink and detach in response to subchondral stimulation 37, 38 and (2) the insufficient concentration of marrow precursors required to facilitate cartilage repair. 13, 25, 39 The proposed advantage of MFX+ scaffolding and injectable adjuvants is the theoretical ability to increase the concentration of mesenchymal stem cells in the formed clot as well as facilitate stabilization on clot formation. 40 In studies dating back to the early to mid-2000s, small and large animal models of MFX supplemented with a wide variety of these adjuvant treatments have consistently demonstrated superior histologic integration and cartilage restoration, biomechanical properties, and repair tissue durability in vivo. 18, [41] [42] [43] [44] In one study, Strauss et al. 18 demonstrated that viscosupplementation with intra-articular hyaluronic acid injections promoted more tissue infill and more hyaline-like tissue quality compared with controls in a New Zealand White rabbit model. Among these marrow stimulation adjuncts, scaffolding supplements that have been investigated include matrices derived from synthetic copolymers, chitosan, and collagen. 12 Animal studies on injectable products have been primarily hyaluronic acid, PRP, and autologous marrow-derived MSCs 12 , but have also recently included stimulant cytokines and growth factors. 26 While the benefits of MFX+ techniques were initially demonstrated in preclinical models with histologic and biomechanical data, case series and clinical trials investigating these techniques began to surface in the literature in 2009. 20 Using subjective synthesis to determine effect size of individual studies identified in this systematic review, we found that studies using injectable PRP and adiposederived MSCs demonstrate statistically significantly greater postoperative improvements with MFX+, while others using scaffolding adjuvants show no difference with regard to postoperative improvements ( Table 4) . We believe this may be partially due to insufficient statistical power in the constituent studies, which failed to demonstrate superiority. 45 For instance, the 2 largest randomized controlled trials by Koh et al. 13 using adipose-derived MSC/fibrin glue injections and Lee et al. 15 using injectable PRP demonstrated greater improvement in KOOS and IKDC scores, respectively, in comparison with MFX only control groups. Conversely, the smaller trials describing scaffolding adjuvants showed slightly higher scores in their respective MFX+ cohorts but did not achieve statistical significance. 21, 29 These equivocal findings demonstrate the need for larger and higher quality studies to delineate the efficacy of specific MFX+ scaffolding and injectable adjuvants, which could potentially translate to improved long-term outcomes where MFX alone has been less successful. 18, 26, 41 Outside of the design of this subjective synthesis, we also acknowledge the findings of Stanish and colleagues who in 2 separate publications reported sustained and significantly superior repair tissue quantity and quality at 1 year 25 and 5 years 24 using the BST-CarGel biopolymer scaffold as a MFX+ adjuvant in a level I study of 80 patients. The original study was not included in this systematic review as it reported only 1-year clinical followup, and the follow-up work, while included in the review, reported insufficient data for subjective synthesis of postoperative improvements in WOMAC scores.
The clinical implications of this study are significant as it pertains to treatment of articular cartilage lesions of the knee. As demonstrated in this review, the amount of highquality methodological literature in cartilage surgery is relatively low, leading to ambiguous or contradictory conclusions regarding individual surgical options. 46 Given recent data that demonstrates inferior long-term outcomes following MFX, many surgeons are giving stronger consideration to alternative cartilage restoration procedures such as ACI, mosaicplasty/OATS, and osteochondral allograft transplantation, despite the limitations of some of these techniques including the need for 2-stage procedures, donor site morbidity, and the increased cost and limited availability of allograft donor tissue. In a 2-year prospective randomized controlled trial of 144 patients, Saris et al. 8 demonstrated superior clinical outcomes with matrixapplied characterized ACI for symptomatic chondral defects ≥3 cm relative to microfracture. 2 Similarly, Krych et al. 7 demonstrated that osteochondral autograft/mosaicplasty has superior activity levels as measured by the Marx Activity Rating Scale at 2-year follow-up and beyond when compared with microfracture. 7 The findings of this particular study suggest that certain "microfracture plus" adjuvants may be superior to traditional marrow stimulation alone, and may be a viable single-stage alternative for cartilage repair. Interestingly, one published model using short-term pain, long-term clinical outcomes and complication data from the largest clinical trial referenced in this study projected that BST-CarGel, a chitosan-β glycerolphosphate based scaffold commercially available in Europe, would yield a 20-year cumulative cost savings of €6448 per patient relative to MFX alone. 47 However, future high-quality randomized controlled trials are necessary to directly compare augmented MFX with other cartilage restoration procedures to determine differential efficacy and cost-effectiveness.
Despite the aforementioned findings of our study, there are several limitations. First, the majority of the 18 studies reported observational data (level of evidence 4) in the form of case series on a small group of patients without an internal control, and only 5 studies comparing MFX+ with a 1-3 ) in the constituent studies. This precludes the ability to perform quantitative synthesis such as meta-analysis and to make more robust and definitive conclusions. This also underscores the principle of high reporting variability in the orthopedic literature, and emerging fields such as cartilage surgery in particular. 48 Third, we acknowledge that the age and lesion size generalizability of these findings may be limited, as the constituent studies did not include youth patient populations and larger defect sizes. Furthermore, these studies inconsistently reported important baseline variables such as lesion depth, grade, and location, as well as concomitant pathologies and progression to osteoarthritis. Fourth, because the average lesion size in this study was small, it would be difficult to demonstrate superiority for MFX+ therapy given that MFX shows acceptable results for lesions <4 cm 2 and that the majority of studies reported only short-term follow-up at 2 years. Fifth, the statistically significantly greater improvement achieved by certain MFX+ adjuvants compared with MFX alone may have limited clinical significance given the small magnitude of effect size differences ( Table 4) . Further comparative trials with appropriately powered sample sizes and analysis with regard to minimal clinically important difference (MCID) criteria will be important in comparing MFX+ with traditional MFX and other cartilage repair strategies. Finally, although we limited our search criteria to English studies only, it has been reported that restricting systematic reviews to English-only does not introduce bias into systematic reviews and meta-analyses. 49 In summary, the current study demonstrated that MFX+ is an emerging concept and biological adjuvants are safe supplements to marrow stimulation with mixed results among individual studies demonstrating both statistically superior and equivalent clinical outcomes compared to MFX alone. Existing literature on MFX+ is in its infancy with many new adjuvants emerging and the body of prospective high-quality data growing. Based on these observations, we are unable to make definitive conclusions regarding the benefit of the current forms of augmentation to date, but this collection of available clinical studies in conjunction with current basic science data does demonstrate the potential for MFX+ to be a viable option worthy of further investigation for clinically significant differences. When considering options for biologic augmentation and further research to justify their use, it is important to weigh the potential for improved clinical outcomes and more durable hyaline-like repair cartilage against the added cost of adjuvant and the technical simplicity of microfracture relative to other cartilage repair procedures.
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